Turbulent jet non-premixed flame under the conditions of High Temperature Air Combustion (HiCOT) was investigated. Air diluted with nitrogen was preheated up to about 1 300 K. Propane was injected through a fuel tube parallel to the preheated airflow. LDV measurement of turbulence, CH-PLIF for reaction zone visualization, and NOx concentration measurements in the burnt gas were performed and the relations between these characteristics were examined. Results showed that turbulence intensity generated by perforated plate installed upstream of the fuel tube was high at high-temperature airflow due to high velocity compared with that at room temperature airflow when the flow rate was controlled to keep the excess air ratio constant regardless of preheating. The reaction zone represented by the CH-PLIF images still had a thin structure even in the HiCOT condition of oxygen concentration of 8 vol.%. The flow turbulence in the combustion duct played a significant role in decreasing NOx emission. Due to turbulence, flame was broken and a bubble-like flame structure was generated, especially in the lifted flame cases, implying that the burning fuel lumps flow a considerable distance in air with a low oxygen concentration and generate uniform heat release profiles in HiCOT furnaces.
Introduction
High Temperature Air Combustion Technology (HiCOT) is a promising candidate for energy saving and low NOx emission in engineering and industrial applications (1) - (3) . The features of HiCOT are the use of highlypreheated air over 1 100 K by a flue-gas heat regenerator and combustion in an oxidizer with low oxygen concentration whose minimum is about 4% in volume. In ordinary cases, the latter is realized by supplying the burnt gas to the air inlet or by strong recirculation of the burnt gas in the furnaces. Under HiCOT conditions, low NOx emis-sion has been confirmed and the responsible mechanism has been interpreted to be the low peak flame temperature compared with ordinary non-premixed flames using ordinary fresh air at room temperature. For jet non-premixed flames under HiCOT conditions, regarding temperature and oxygen concentration, Fujimori et al. (4) reported that because highly lifted non-premixed flames can be easily stabilized in high temperature oxidizer flow due to ignition, the premixing of fuel is enhanced at the lifted flame front, leading to the low NOx emission. The low NOx mechanism due to the lifted flame is a reasonable interpretation, but laminar flame based research by Ju (5) and Maruta et al. (6) have also shown the features of HiCOT flames, i.e., low NOx emission and low temperature peaks. Although HiCOT flames have further advantages, in addition to these features, such as the widely distributed heat release region and very low temperature fluctuation (7) , research of the HiCOT flame mechanism based on instantaneous flame structure in terms of non-premixed flame in highly turbulent flow has not been performed yet.
Under HiCOT conditions, because the air is highly preheated and the density is low, air inlet velocity is very high (in some cases, it is more than 100 m/s) in order to supply sufficient oxygen for combustion. This results in very high turbulence intensity in furnaces, leading to the formation of highly turbulent non-premixed flame under conditions of high temperature and low oxygen concentration. The structure of turbulent flames under such conditions has not known well and the relations between turbulence in airflow, widely distributed heat release zones, and NOx formation and emission in such an environment are unclear. Plessing et al. visualized flame with strong exhaust gas recirculation by using OH-PLIF and Rayleigh thermometry (8) and implied the formation of flame structure like a well-stirred reactor, while OH radical profiles do not correspond with the heat release region in nonpremixed flame. Therefore, investigation of the flame structure using much simpler configurations and detection of heat release region under HiCOT conditions are needed.
The purpose of this study, therefore, was to investigate the flame structure of jet non-premixed flame under HiCOT conditions, especially the case in which the preheated, low oxygen concentration airflow is initially turbulent, and also to clarify the relation between turbulence, the flame structure represented by CH profiles, and NOx emission. Turbulence measurement using LDV and the CH-PLIF visualization of the flame corresponding to the region of instantaneous heat release were performed. NOx concentration in burned gas was also measured to investigate the effects of initial flow turbulence on both non-lifted and lifted flame.
Experimental Apparatus and Procedure
A regenerative-type air reheater (Japan Furnace, AI-010O-EX) used for the present experiment was basically the same as that used by Fujimori et al. (4) This air reheater has twin ceramic honeycomb heat exchangers and is heated by propane burners alternately about every 30 seconds. When the temperature of the ceramic honeycomb has reached about 1 400 K, the propane burners are shut down and fresh air is supplied from the bottom of the twin heat exchangers. Highly-preheated air is then introduced into the combustion duct placed at the top of the air reheater. Figure 1 (a) and (b) schematically show the combustion duct. The preheated air is supplied from the bottom of the duct where another honeycomb heat exchanger is installed. This honeycomb heat exchanger is also preheated during the heating period of the main twin heat exchangers connected to the bottom of the combustion duct. It also acts to rectify the flow before preheated air is introduced into the nozzle. Downstream of the honeycomb heat exchanger, a fiberglass heat-insulated rectangular nozzle and combustion duct are directly connected. The cross section Nitrogen is also supplied to the air reheater with fresh air to decrease the oxygen concentration and realize HiCOT conditions in terms of low oxygen concentration and temperature. The flow rate of the oxidizer is kept constant at 333 NL/min regardless of the temperature and oxygen concentration to maintain the overall excess air ratio at a constant level for comparison with the case of ordinary combustion with fresh air at room temperature. Temperature of the airflow in the combustion duct was measured using a CA thermocouple and it was confirmed that the temperature decrease between the inlet and the outlet is less than 60 K for more than 60 seconds during experiments under the HiCOT conditions. Propane was used as fuel in the experiments. Prior to the experiments, 1-D flame calculation for counterflow diffusion flame was performed using a CHEMKIN-II database (9) , GRI-Mech ver.3.0 (10) , and a counterflow flame code in order to predict the concentration of CH radicals corresponding to the intensity of CH-PLIF under HiCOT conditions. As a result, it was decided to use propane as fuel because CH concentration in the reaction zone for propane flame was about three times higher than that for methane flame.
The fuel was supplied to the combustion duct though a stainless steel tube from the side wall of the duct. The tube was bent to inject the fuel parallel to the preheated airflow. Because the major purposes of these experiments were to investigate the flame structure and the NOx emission characteristics of jet non-premixed flame in an initially turbulent airflow for both non-lifted and lifted flame cases under HiCOT conditions, a small disk flameholder made of stainless steel was installed at the fuel tube outlet. Two kinds of the flameholder, i.e., 7.8 mm in diameter (F.H.7.8) and 5 mm in diameter (F.H.5.0), were used. The latter was used to keep the lifted flame in the region of the combustion duct where flame observation is possible. The fuel tube outlet was located 30 mm downstream of the perforated plate. The inner diameter of the fuel tube for the F.H.7.8 flameholder was 1.5 mm and that for F.H.5.0 was 1.0 mm. For both fuel tubes, the fuel flow rate 0.5 NL/min, resulting in an overall excess air ratio of the combustion experiments of 10.8. Measured temperature of fuel at fuel tube outlet was 900 K regardless of the type of fuel tube.
In the case of fresh airflow at room temperature, nonlifted flame stabilization using the F.H.7.8 flameholder was difficult under the same air flow rate and the same excess air ratio, while it was easily stabilized under HiCOT conditions. When the F.H.5.0 flameholder was used, steady lifted flame could be formed under HiCOT conditions, but not for room temperature. From these observations, the effectiveness of HiCOT for controlling the flame stabilization was confirmed, while direct comparison of the flame characteristics with ordinary combustion using only fresh air at room temperature was not suitably performed using this experimental setup and conditions due to difficulty in stabilizing the flame in the observation region.
Turbulence measurement of the airflow in the combustion duct was performed using LDV (laser Doppler velocimetry) (DANTEC, FlowLite 58N50), the airflow being seeded by with fine SiO 2 particles whose mean diameter was 2.0 µm upstream of the honeycomb heat exchanger. The transverse integral scale of turbulence, l g , was evaluated by integrating the Eulerian time correlation of velocity data assuming Taylor's hypothesis and isotropy of turbulence after data processing based on the use of moving average processing of discrete velocity data of LDV.
CH-PLIF measurement was performed to visualize the instantaneous reaction zones of the flame under HiCOT conditions. An ICCD camera (ANDOR Technology, DH534-18F) with a 1 024 × 1 024 pixel CCD was used. Because intensity of the CH-LIF signal is very low for HiCOT condition flames, binning processing for each 4-pixel group was used, resulting in an increase in a signal to noise ratio to obtain the suitable intensity to detect the qualitative CH profiles. The image resolution at the plane of measurement after binning was 98 µm in this measurement.
A dye laser (Lumonics, HD-500) pumped by an Nd-YAG laser (Spectra Physics, GCR-250-10) was used. To consider the intensity of the laser output using Exalite 392A dye, a branch of Q 1 (6) for (0,0) band of the CH radical was selected for the CH excitation. CH-LIF emission from (1,1) and (0,1) bands near 430 nm was detected through a band-pass filter with a peak wavelength of 431.1 nm and a bandwidth of 17.4 nm. The laser sheet had a breadth of less than 50 mm and a thickness of about 50 µm at center of the combustion duct. The maximum energy of a single laser shot was 13 mJ.
Considering the delay of the NOx analyzer output, NOx measurement was performed using a chemiluminescence-type NOx analyzer (Best Sokki, BCL-611AS). The gas sampling for turbulent flame was performed at the outlet of the combustion duct, while an extension duct was attached when NOx was measured for the laminar flame in consideration of the uniform NOx concentration profiles in the cross section at the outlet of the combustion duct. Figure 2 (a) is the laminar flame case, indicating that the flame is very smooth and long and that a bright yellow region due to soot formation is formed. Figure 2 (b) and (c) are the cases of turbulent flow when a D.P. 6.8 mm perforated plate as a turbulent generator was installed. In the case of Fig. 2 (b) using the F.H.7.8 flameholder, the flame is well stabilized at the fuel tube outlet. Highly turbulent diffusion flame is clearly seen and the blue flame zone is very bright. A yellow zone is also seen downstream, while the light emission from the soot is weaker than in the case of the laminar flame shown in Fig. 2 (a) . In the case of Fig. 2 (c) using the F.H.5.0 flameholder, the flame is lifted and yellow flame was not seen, meaning that premixing with the approaching turbulent oxidizer is enhanced. These figures show that the turbulence in the approaching airflow makes the flame very short and that under HiCOT conditions, brightness (mainly due to C 2 emission) becomes intense and the soot formation is eliminated. 3. 2 Turbulence characteristics of highly preheated airflow Turbulence characteristics were measured for hightemperature airflow at 1 273 K and compared with those at room temperature flow. The temperature change at the combustion duct inlet during the LDV measurement was ±5 K. Figure 3 shows the profiles of turbulence intensity, u , downstream of the fuel tube outlet along the center line of the combustion duct for the D.P.6.8 turbulence generator. When the turbulence was measured, the fuel tube was removed because the aim of this measurement is to determine the fundamental features of high-temperature turbulent flows. The ordinate y = 0 corresponds to the point of the fuel tube outlet. Turbulence intensity is very high at high temperature (1 273 K) compared with the case of room temperature (300 K). This is because the mean flow velocity, U, in the combustion duct for high temperature flow is higher in order to keep the overall excess air ratio (10.6) the same regardless of temperature for the constant fuel flow rate (0.5 NL/min) for combustion experiment. The mean flow velocity is 6.5 m/s at 1 300 K and 1.7 m/s at 300 K. The profiles of U and u were also measured perpendicular to the central axis, i.e., in the x-direction, and the almost flat U and u profiles over 75% of the cross section of the duct were confirmed. Although the data in high temperature cases are scattered, the decrease in u downstream due to the turbulence energy dissipation can be seen. Because the energy dissipation rate, which is proportional to viscosity and inversely proportional to density, increases with temperature, it was expected that decay of turbulence would be fast and that the turbulence intensity would decrease more quickly. However, the results shown in Fig. 3 indicate that u in the case of hightemperature airflow is still very high compared with the case of room temperature. Under HiCOT conditions, the flow velocity of the preheated air is very high to keep the total heat release in the furnaces high because the density of that preheated air is low, resulting in high flow velocity of the preheated air and high turbulence intensity in the furnaces. Effects of hole diameter of the turbulence generator were examined and found that, at y = 50 mm, u for the D.P.5.4 turbulence generator and that for the D.P.5.4 turbulence generator were 0.65 m/s and 1.29 m/s, meaning that turbulence generator with large hole diameter generates intense turbulence. Figure 4 shows the characteristics of decay of turbulence energy along the center line of the duct. The con-ditions are the same as those of Fig. 3 . The magnitude of gradient corresponds to the decay rate of turbulence energy.
The gradient for the data at 300 K is larger than that for 1 273 K, meaning that the decay of turbulence is not large under HiCOT conditions even though the energy dissipation rate is greater than that at room temperature. Figure 5 shows profiles of the integral scale of turbulence, l g , along the center line of the duct. l g at 1 300 K is larger than that at 300 K. This is due to the effects of temperature on kinematic viscosity. The integral scale of turbulence, l g , slightly increases downstream, indicating ordinary features of the flow turbulence. It is important to know the turbulence Reynolds number, based on Taylor microscale, λ g , because λ g is the most important representative parameter to show the Kolmogorof turbulence (11) . Because the data rate of the LDV output was limited (about 5 kHz), the Taylor microscale, λ g , was estimated based on equations assuming isotropic turbulence. As a result, it was found that λ g at 1 273 K was about 5 mm and that at 300 K was about 2 mm. The turbulence Reynolds number estimated using these value was 44 at 1 273 K and 17 at 300 K, meaning that expected turbulence spectrums have a limited inertial subrange. The local scalar dissipation rate is an important parameter to determine the local flame structure of turbulent diffusion flame. Because the measurement of the species profile is difficult, the scalar dissipation rate could not be determined in this study. However, from the u and λ g , the instantaneous strain rate can be estimated. The instantaneous strain rate at y = 50 mm for D.P.6.0 was about 220 s −1 at 1 300 K and 100 s −1 at 300 K. Preliminary numerical calculation of the counter diffusion flame under HiCOT conditions showed that the extinction strain rate is on the order of 100. This means that local flame extinction may occur under the present experimental conditions for turbulent flame at high temperature and low oxygen concentrations.
3 Instantaneous CH-PLIF images of the turbulent jet non-premixed flames under
HiCOT conditions and the effects on NOx emission characteristics Typical CH-PLIF images are shown in Fig. 6 by a direct photo of the flame to indicate the position of the flame. The continuous CH profile, i.e., the flame sheet, was seen near the flameholder and the flame often separated to from an island-like structure in the middle height region. Because of the low signal to noise ratio due to the low CH-LIF intensities, the thickness of the CH zone could not be properly measured. However, it is obvious from the CH-PLIF images, that the flame region has thin reaction zones even under HiCOT conditions as well as such zones for ordinary turbulent diffusion flame at room temperature using fresh air and 21% volume oxygen concentration. Downstream of the flame, the thickness of the CH zones seems to become large. However, Mie scattering from the soot becomes strong and separation the CH-PLIF from the Mie scattering zone is difficult. Therefore, precise examination of the reaction zone structure in this region was not possible. Figure 7 (a) and (b) show NOx concentration in the exhaust gas at the outlet of the combustion duct. Because the supplied air was heated up to about 1 300 K, and also due to the existence of some amount of the residual burnt gas in the air reheater, NOx concentration without flame was subtracted as background NOx concentration. For laminar flame, the NOx concentration is higher, about 40 ppm at 1 273 K. Although such magnitude is not high compared with that of conventional furnaces, it is a standard value for comparison with the case of the flames in initially turbulent air in this study. The NOx concentration for the D.P.6.8 turbulence generator, i.e., the condition of the flame structure shown in Fig. 7 (a) , is about one-third as small as that for the laminar flame. For higher turbulence intensity as mentioned previously, i.e., the case of using the D.P.9.0 turbulence generator NOx concentration is almost half that using the D.P.6.8 turbulence generator. This confirms that the effects of turbulence are significant for reducing NOx emission under HiCOT conditions. Figure 7 (b) shows the case of the D.P.5.0 turbulence generator, clearly indicating smaller NOx concentrations in the exhaust gas for lifted flame. Even though the F.H.7.8 flameholder was used, flame lifting occurred when the turbulence intensity was high and the temperature of the oxidizer decreased. The arrow in Fig. 7 (a) shows the point when flame lifting occurred. When the lifting occurred, the NOx concentration decreased more as is seen in Fig. 7 (a) at a point indicated by the arrow. This characteristic well corresponds with the findings by Fujimori et al. (4) that flame lifting and succeeding premixing is an important factor of low NOx emission of HiCOT condition jet non-premixed flames. However, the present results also show that, even when the flame is not lifted, turbulence in the oxidizer plays an important role in attainment of low NOx emission for the turbulent diffusion flame under HiCOT conditions. Another known characteristic of the combustion under HiCOT conditions is the long and widely extended heat release region in the furnaces. One of the possible mechanisms for this has been thought to be dispersed flames like a fog, i.e., distributed reaction zones (1) , (8) . However, the CH-PLIF images shown in Fig. 6 clearly show that the flame still has the thin reaction zones as in the case of ordinary non-premixed flame. Therefore, further investigation of the flame structure for lifted flames was attempted using a smaller flame holder, F.H.5.0. Figure 8 shows typical CH-PLIF images of the lifted flame using the F.H.5.0 flameholder and a fuel flow rate of 0.35 NL/min under HiCOT conditions. Because the fuel flow rate is smaller than that in the case of Fig. 2 (c) , the lifting height is low. Obviously broken and bubble-like flames caused by air turbulence are formed and the flames flow downstream. It can be understood that if the oxidizer temperature is room temperature, the broken fuel lumps caused by turbulence (or local flame extinction in some cases) cannot be ignited easily and that they flow away without combustion. Therefore, the formation of the bubble-like flame shown in Fig. 8 is due to the high temperature of the air. In actual HiCOT furnaces, the overall excess air ratio is close to unity, meaning that it takes considerable time for the fuel lumps to burn out. The fuel lumps formed by the strong turbulence are ignited in high temperature oxidizer and flow for a considerable distance, slowly releasing the heat of combustion with the oxidizer of low oxygen concentration. CH-PLIF observation of the flame for 4 vol.% oxygen concentration air flow was also performed in this study and confirmed almost similar structure of the flame shown in Fig. 8 . Therefore, the effects of turbulence on the above-mentioned flame structure under HiCOT conditions are very convincing as mechanisms which realize uniform heat release profiles throughout HiCOT-type furnaces in addition to low NOx emission characteristics.
Conclusions
Turbulent jet non-premixed flame in preheated air near 1 300 K with a low oxygen concentration of 8% in volume was experimentally investigated to clarify the effects of initial turbulence of oxidizer flow on the flame structure and low NOx emission characteristics under HiCOT conditions. LDV measurement of turbulence, CH-PLIF for visualization of reaction zones, and NOx concentration measurements were performed and the relations between these characteristics were examined. The following results were obtained:
1. For high-temperature airflow, turbulence intensity is high compared with that of room temperature air when the flow rate is controlled to keep the excess air ratio constant in the combustion duct. This also leads to maintenance of high turbulence intensity even in the downstream region, although the energy dissipation rate is large at high temperature.
2. For high temperature airflow, flame stability at the outlet of that of fuel tube is better than that of room temperature airflow.
3. Jet non-premixed flame formed in initially turbulent oxidizer under HiCOT conditions tends to be broken and bubble-like flames are formed, especially for lifted flame.
4. NOx emission of the turbulent diffusion flame under HiCOT conditions for turbulent initial flow is lower than that of laminar flame, even though the flame is not lifted, meaning that initial turbulence in airflow and the broken flame structure under HiCOT conditions play important roles in low NOx emission.
5. The flame structure still has the thin reaction zones even under HiCOT conditions, meaning that the characteristics of mild heat release under HiCOT conditions is due to the fast movement and recirculation of the broken or island like non-premixed flames with high airflow velocity in furnaces rather than to widely distributed heat release region of the local flame structure.
